Oxidative stress is widely recognized as an important mechanism of disease in aging disorders, including those affecting the retina and the nervous system. Among the many disorders known to have a significant oxidative stress component, prevalent ones include AMD,[@i1552-5783-60-12-3740-b01]--[@i1552-5783-60-12-3740-b07] retinal dystrophies,[@i1552-5783-60-12-3740-b08] and neurodegenerative diseases, such as Alzheimer\'s and Parkinson\'s disease.[@i1552-5783-60-12-3740-b09]

Cells are equipped with endogenous antioxidant defense mechanisms, which respond, interact, and protect against the damaging effects of oxidative stress, including superoxide dismutase 1 (*Sod1* gene), Parkin (*Prkn* or *Park2* gene), and DJ-1 (*Park7* gene). These three proteins have been shown to be active in the retina and to regulate oxidative stress in the retinal environment.[@i1552-5783-60-12-3740-b10][@i1552-5783-60-12-3740-b11][@i1552-5783-60-12-3740-b12][@i1552-5783-60-12-3740-b13][@i1552-5783-60-12-3740-b14]--[@i1552-5783-60-12-3740-b15] DJ-1 has been found to be very important in protecting photoreceptors and retinal pigment epithelium (RPE) cells from oxidative damage during aging[@i1552-5783-60-12-3740-b11] and in response to a systemic challenge with an oxidizing agent (sodium iodate).[@i1552-5783-60-12-3740-b10] It has been demonstrated that DJ-1 is increased in RPE cells in culture after an oxidative stressor is applied, and that DJ-1 is elevated in the RPE of AMD patients.[@i1552-5783-60-12-3740-b15] Prior studies have found that Sod1 is essential in protecting the retina from oxidative stress induced by paraquat and hyperoxia,[@i1552-5783-60-12-3740-b12] and by aging.[@i1552-5783-60-12-3740-b14] Parkin has also been shown to be present in the retina of humans,[@i1552-5783-60-12-3740-b13] and has been found to play an important role in the response of cells to oxidative stress[@i1552-5783-60-12-3740-b16][@i1552-5783-60-12-3740-b17]--[@i1552-5783-60-12-3740-b18] and in the protection of retinal ganglion cells against glutamate excitotoxicity.[@i1552-5783-60-12-3740-b19] Recognizing that single knock-out (KO) mice (*Sod1* KO mice, DJ*-1* \[*Park7*\] KO mice, and Parkin \[*Prkn*\] KO mice) have been shown to develop retinal changes with aging, we wanted to determine if mice simultaneously deficient in all three genes would represent an additional model for oxidative stress--related retinal disease that would add to our current models.

It has been reported that DJ-1 can regulate Sod1 expression through the ERK1/2-ELK1 pathways, and that there is an upregulation of DJ-1 protein levels in mutant *Sod1* transgenic mice.[@i1552-5783-60-12-3740-b20],[@i1552-5783-60-12-3740-b21] DJ-1 forms complexes with mutant Sod1 molecules and reduces the toxicity of the latter to tissues.[@i1552-5783-60-12-3740-b21] This suggests that a compensatory mechanism may reduce the likelihood of a clinical outcome when studying single loss-of-function mutations, at least in low-stress conditions. This is demonstrated by the lack of prominent neuropathology and age-related deficits in mice with targeted mutations of Parkin or DJ-1 with normal aging, despite the fact that progressive neurodegeneration is seen in these mice upon exposure to external stressors (reviewed in Hennis et al.).[@i1552-5783-60-12-3740-b22] Interestingly previous studies in the central nervous system reported a lack of progressive loss of dopaminergic neurons in mice simultaneously deficient in *Sod1/Park7/Prkn* (triple KO \[TKO\] mice).[@i1552-5783-60-12-3740-b22] However, we hypothesized that due to the fact that the retina is a pro-oxidant environment, *Sod1/Park7/Prkn* TKO mice will demonstrate early development of AMD-like features under normal aging conditions.

We have previously shown that Sod1/DJ-1*/*Parkin (here referred to as *Sod1/Park7/Prkn*) TKO mice have increased susceptibility to light-induced retinal damage.[@i1552-5783-60-12-3740-b23] In the current study, we report that, with normal aging, these TKO mice develop qualitatively abnormal morphology on OCT as early as 3 to 6 months of age, followed by quantitatively thinner retinas on OCT by 9 months of age, and finally decreased retinal function on electroretinography (ERG). As early as 6 months of age they also demonstrate a very significant accumulation of fundus spots (which appear to correlate with Iba-1+ microglia). ELISA of retinal protein isolates and immunohistochemistry of retinal sections revealed an increase in the retinal levels of the oxidative marker, MDA. We also show an increased number and size of RPE mitochondria and increased accumulation of basal laminar deposits (BLD). Our results suggest that the TKO mice are a good model of chronic retinal oxidative stress. More importantly, we believe that these mice could prove particularly helpful in generating more AMD-like models when combined with other genetic or chronic environmental risk factors in combination with aging.

Methods {#s2}
=======

Animals and Genotyping of Mice {#s2a}
------------------------------

All animal experiments complied with the National Institutes of Health guide for the care and use of Laboratory animals and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All procedures were approved by the UT Southwestern Medical Center (UTSW) Institutional Animal Care and Use Committee (IACUC, Protocol \# 2015-G100937). *Sod1/Park7/Prkn* KO mice (TKO)[@i1552-5783-60-12-3740-b23] were kindly provided by Matthew Goldberg, PhD. KO lines had been backcrossed to C57BL/6J mice for 10 generations without testing for the RD8 mutation (personal communication: Matthew Goldberg 2013). However, upon receiving the mice, genotyping and sequencing for the Rd8 mutation of the *Crb1* gene[@i1552-5783-60-12-3740-b24],[@i1552-5783-60-12-3740-b25] revealed some expression of this mutation in the KO lines. The lines were thus back-crossed to C57BL/6J mice for three generations and then intercrossed to generate *Sod1/Park7/Prkn* TKO mice. From the early stages of this breeding, littermates heterozygous for the alleles were intercrossed to generate mice homozygous for the wild-type copies of *Sod1*, *Park7*, *and Prkn*. These were then interbred to generate a line of "B6 controls" for the rest of the TKO experiments. Further genotyping and sequencing confirmed the absence of the Rd8 mutation in the resulting "TKO" and "B6 control" lines of mice. Age- and sex-matched TKO and B6 control mice were aged to 3, 6, 9, 12, and 15 months. Between 16 and 18 months of age, TKO mice started developing corneal opacification and neovascularization ([Supplementary Fig. S1](#iovs-60-10-17_s01){ref-type="supplementary-material"}) and began dying. The shortened life span of mouse models of increased oxidative stress is not uncommon.[@i1552-5783-60-12-3740-b26],[@i1552-5783-60-12-3740-b27] Because these issues made cohorts above 16 months of age unusable for most experiments, we decided to terminate all experiments at 15 to 16 months of age. Mice were bred and kept in a barrier animal facility at UTSW under normal lighting conditions with 12-hour on/12-hour off cycles with free access to food and water. Before performing all procedures, mice were anesthetized with a ketamine-xylazine cocktail (100 mg/kg ketamine, 5 mg/kg xylazine) one at a time. Mouse eyes were dilated using one drop per eye of a mixture (1:1) of tropicamide 1% solution (Alcon Laboratories, Inc., Fort Worth, TX, USA) and phenylephrine hydrochloride 2.5% solution (Alcon, Inc., Lake Forest, IL, USA).

Image-Guided OCT, Retinal Layer Thickness Measurement, and Outer Retinal Reflectivity Assessment {#s2b}
------------------------------------------------------------------------------------------------

Mice were anesthetized one at a time, and pupils were dilated. GenTeal liquid gel (Novartis, East Hanover, NJ, USA) was applied to the corneal surface. OCT images were taken using an image-guided tomographer (Micron IV-OCT2; Phoenix Research Laboratories, Pleasanton, CA, USA). For retinal layer thickness measurement, a short (half size), horizontal line was placed 1-disc diameter superior to the edge of the disc. For quantitative assessment of retinal layer thickness at the target location we used the Freehand tool in ImageJ (<http://imagej.nih.gov/ij/>; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA). Three measurements were taken 200 μm apart in the center of the image for each of the measured parameters as follows: outer nuclear layer (ONL), external limiting membrane-Bruch\'s membrane (ELM-BM), and total retina thickness (internal limiting membrane-BM \[ILM-BM\]). Finally, the data for each image/eye were averaged for statistical analysis.

For the quantitative assessment of the outer retinal reflectivity we used a modification of a method we previously published.[@i1552-5783-60-12-3740-b28] The Freehand tool in ImageJ was used to delineate first the outer segment band and then the ellipsoid zone in OCT images in order to determine the mean intensity of each of these areas. We then defined the relative outer retina reflectivity (RORR) as the ratio of the mean intensity of the outer segments to the mean intensity of the ellipsoid zone. Finally, we normalized the values to those of B6 controls and reported the result as the normalized RORR (nRORR). This analysis was only done for mice up to 6 months of age, because by 9 months of age there was too much disruption of the outer retinal layers to allow for a reliable measurement of nRORR.

Fundus Photography and Spots Grading System {#s2c}
-------------------------------------------

Fundus photographs of mice were obtained using a Micron IV mouse fundus camera (Phoenix Research Laboratories) as described before.[@i1552-5783-60-12-3740-b29] Briefly, a fundus image of each eye, centered on the optic nerve head, was obtained after sharply focusing on the RPE. Images from each experiment were saved and masked for fundus spot grading in a blind fashion. We used a modified version of a fundus spot scale, which was described previously[@i1552-5783-60-12-3740-b01] to categorize the amount of fundus spots in each image. Briefly, a fundus spot score for each eye is determined based on the amount of white/yellow fundus spots present as follows: no spots (score 0), 1 to 10 fundus spots (score 1), equivalent of one fundus-quadrant of spots (score 2), two to three fundus-quadrants of spots (score 3), and all four fundus-quadrants with spots (score 4). We then added the scores of both eyes for a final score of 0 to 8 for each mouse. Because this is an ordinal discrete variable, statistical analysis for comparisons between B6 and TKO was done using a Mann-Whitney *U* test.

Electroretinography {#s2d}
-------------------

ERG responses were recorded in dark-adapted TKO mice and in age- and sex-matched B6 control mice at 6, 12, and 15 months of age using a Ganzfeld scotopic ERG system (Phoenix Research Labs) as stated by the company. Briefly, mice were dark-adapted overnight for 16 hours. After anesthesia and pupil dilation, mice were placed on a platform covered by a homeothermic heating blanket to maintain body temperature, and preparations were made under a dim red light. GenTeal liquid gel was applied to each eye after anesthesia to prevent corneal drying (left eye) and to establish contact between the cornea and the electrode (gold-plate objective lens; right eye). The reference and the ground electrodes (platinum needles) were subcutaneously inserted on top of the head and into the tail, respectively. Scotopic full-field ERGs were obtained in response to low- (0.1 log cd.s.m^−2^) and high- (3.1 log cd.s.m^−2^) flash intensities (the interstimulus interval was 0.7 and 60 seconds for low- and high-flash intensities, respectively; flash duration was 1 msec). For scotopic ERG analysis, the amplitude of the a-wave was measured from baseline to the most negative trough, whereas that of the b-wave was measured from the trough of the a-wave to the most positive peak of the retinal response.

RPE Flat-Mount Preparation and Immunostaining {#s2e}
---------------------------------------------

After marking the superior aspect of the cornea for orientation, eyes were enucleated from deeply anesthetized 15-month-old TKO mice and age-matched B6 control mice of both sexes. The anterior segment (cornea, iris, and lens) was removed by cutting around the limbus, and the retina was peeled away from the RPE--choroid for MDA--ELISA assay (see below). After making our six radial cuts from the edge to the center, the remaining RPE--choroid--sclera eyecups (flat mounts) were then fixed in 4% paraformaldehyde for 30 minutes at room temperature, followed by 3 × 10-minute washes in 1× PBS. The eyecups were then incubated in blocking buffer (5% BSA, 0.3% Triton X-100) for 2 hours at room temperature (RT) on a rocking shaker. The flat mounts were incubated in anti-MDA and anti-Iba-1 primary antibodies diluted in 1% BSA, 0.3% Triton X-100 (dilutions: anti-MDA, 1:100; anti-Iba-1 1:500) overnight at 4°C on a rocking shaker. After washing 3 × 10 minutes in 1× PBS, the tissues were incubated with appropriate secondary antibodies and fluorescently labeled Phalloidin antibody (diluted in 1% BSA, 0.3% Triton X-100) for 2 hours at RT on a rocking shaker. Following 3 × 10-minute washes in 1× PBS, the tissues were placed with the RPE facing up on glass slides using mounting medium with 4′,6-diamidino-2-phenylindole (DAPI). A coverslip was carefully placed (trying to minimize trapped air bubbles), resulting in the RPE flat mount. The flat mounts were photographed with a Leica TCS SP8 confocal laser scanning microscope (Leica Microsystems Inc., Buffalo Grove, IL, USA) using a water immersion objective at ×25 magnification. Twelve images (4 central superior, 4 central inferior, and 4 peripheral) were taken per flat mount. A total count for Iba-1+ cells and also for MDA+/Iba-1+ cells was obtained for each flat mount by adding the counts for all 12 images. The average of these total counts for all B6 control flat mounts was then compared with the average for all TKO flat mounts.

Protein Isolation From Mouse Retina for MDA ELISA {#s2f}
-------------------------------------------------

After enucleation, the posterior eyecups were immediately dissected out for protein isolation to run quantitative MDA ELISA as described before.[@i1552-5783-60-12-3740-b01] Briefly, the retina was separated and homogenized in 120-μL T-PER tissue protein extraction reagent (catalog No. 78510; Thermo Scientific, Rockford, IL, USA) containing a protease inhibitor cocktail. The homogenate was centrifuged at 10,000*g* for 20 minutes at 4°C and the supernatant was transferred to a new tube. Protein concentration was determined by NanoDrop ND-1000 UV/Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The OxiSelect MDA-Adduct Competitive ELISA Kit (catalog No. STA-832; Cell Biolabs, Inc., San Diego, CA, USA) was used to determine the MDA--protein complex content in the retinal samples according to the kit\'s protocol. Absorbance of each well was read on a BioTek Synergy2 microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) at 450 nm. Samples were run in duplicates.

Immunohistochemistry of Retinal Sections {#s2g}
----------------------------------------

One eye of each mouse (*n* = 4 per group) was enucleated for freeze substitution as described before[@i1552-5783-60-12-3740-b30] and the other eye was collected for electron microscopy (see below). Freeze substituted eyes were transferred to ethanol for routine paraffin embedding.[@i1552-5783-60-12-3740-b30] Retinal sections (5 μm) were deparaffinized, blocked, and incubated overnight at 4°C in anti-MDA primary antibody (LS-C72018: rabbit ant-MDA, 1:200; LifeSpan Biosciences, Inc., city, state, country), followed by incubation for 2 hours in a secondary antibody conjugated to AF488 (A21206: donkey anti-rabbit, 1:200; Life Technologies, Seattle, WA, USA). Fluorescence staining was visualized and Z-stack images of the retina were taken with a Leica TCS confocal laser-scanning microscope equipped with LAS X, a Leica Application Suite (Leica Microsystems, Inc.) using a ×25 water immersion objective.

Electron Microscopy Imaging and Analyses {#s2h}
----------------------------------------

### Sample Processing and Transmission Electron Microscopy {#s2h1}

Mice were perfused through the heart with 2% glutaraldehyde and 2% paraformaldehyde in PBS (pH 7.4). The eyes were removed and sectioned behind the limbus, and posterior eyecups were processed as described before.[@i1552-5783-60-12-3740-b29] For electron microscopy, thin sections (70 nm) were cut and stained with 2% aqueous uranyl acetate and lead citrate (UTSW Electron Microscopy Core). The thin sections were imaged with JEOL JEM 1200EX transmission electron microscope (JEOL USA, Inc., Peabody, MA, USA) equipped with a tungsten source at 120 kV using a Morada SIS camera (Olympus, Munster, Germany). The images were analyzed for the number of mitochondria, the area of the mitochondria and the amount of BLD under the RPE by masked investigators using ImageJ software.

### Mitochondrial Counting and BLD Measurement {#s2h2}

Transmission electron microscopy (TEM) images were opened in ImageJ software for quantitative analysis. In order to determine the number of mitochondria, a line was drawn horizontally, splitting the RPE cells into basal and apical halves. Mitochondria were counted on either side of the line and labeled as basal or apical. All mitochondria that touched the line were classified and counted as "mid-RPE." We also reported the addition of basal, apical, and "mid-RPE" mitochondria as "total mitochondria." For quantification of the BLD, the total area of BLD accumulation was measured using the freehand tracing tool in ImageJ. This number was divided by the length of the RPE measured in order to normalize for the total amount of tissue measured in each image. The ratio is reported as BLD standard units (SU).

Statistical Analysis {#s2i}
--------------------

SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA, USA) was used for statistical analysis. Data are presented as the mean ± SEM. A two-tailed Student\'s *t*-test or the Mann-Whitney *U* test was performed when comparing two groups. A *P* value \< 0.05 was considered to be statistically significant.

Results {#s3}
=======

Retinal Degeneration Can Be Quantified Using OCT Analysis of the Retinal Layers and is More Pronounced in Aging TKO Mice {#s3a}
------------------------------------------------------------------------------------------------------------------------

In order to determine whether the chronic increase in oxidative stress in TKO mice had an impact on their retinal anatomy, and to evaluate the time course of that effect we decided to obtain OCT images of TKO and B6 control mice at different ages. First, we made qualitative comparisons of OCT images based on the integrity of retinal layers between the two groups ([Fig. 1](#i1552-5783-60-12-3740-f01){ref-type="fig"}). We found that by 3 months of age, we could consistently find in TKO mice an increase in reflectivity of the photoreceptor outer segment layer (see white arrowheads in [Figs. 1](#i1552-5783-60-12-3740-f01){ref-type="fig"}F versus [1](#i1552-5783-60-12-3740-f01){ref-type="fig"}B, and [1](#i1552-5783-60-12-3740-f01){ref-type="fig"}E versus [1](#i1552-5783-60-12-3740-f01){ref-type="fig"}A). In order to quantitate changes in reflectivity of the outer retina we had previously compared the mean intensity of the photoreceptor outer segments with that of the ellipsoid zone.[@i1552-5783-60-12-3740-b28] We now call this parameter RORR. TKO mice showed by 3 months of age a statistically significant increase in RORR compared with B6 controls ([Fig. 1](#i1552-5783-60-12-3740-f01){ref-type="fig"}I; *P* = 1 × 10^−5^ for 3 months and *P* = 7 × 10^−4^ for 6 months). Furthermore, progressive disruption of the outer retinal layers was seen by 9 months of age, with thinning of the outer segments, loss of the interdigitation zone, and visible thinning of the retina outside the ellipsoid zone (compare the thickness and appearance of the layers encompassed by the white brackets in [Fig. 1](#i1552-5783-60-12-3740-f01){ref-type="fig"}G versus [1](#i1552-5783-60-12-3740-f01){ref-type="fig"}C).

![Outer retinal abnormalities are seen in TKO mice by 3 months of age. OCT images of B6 control mice are shown at 3 (A), 6 (B), 9 (C), and 15 months (D). Representative OCT images of TKO mice at 3 (E), 6 (F), 9 months (G) and 15 months (H) are also shown. Hyperreflectivity of the outer retina, external to the ellipsoid zone is seen consistently by 6 months of age in TKO mice, but not in B6 controls (white arrowheads in F versus B). Outer retinal thinning and loss of the interdigitation zone and photoreceptor outer segments is seen as early as 9 months of age in TKO mice, but not in B6 controls (compare the thickness and appearance of the layers encompassed by the white brackets in G versus C). Quantification of the reflectivity changes was done using the parameter RORR (\[mean intensity of the photoreceptor outer segments\]/\[mean intensity of the ellipsoid zone\]). Each mean intensity was determined using ImageJ. Finally, we normalized the values to those of B6 controls and reported the result as the nRORR (I). \*\*\*P \< 0.001.](i1552-5783-60-12-3740-f01){#i1552-5783-60-12-3740-f01}

Quantitative analysis was then performed. The OCT images were analyzed by measuring the distance between BM and the ELM (BM_ELM; [Fig. 2](#i1552-5783-60-12-3740-f02){ref-type="fig"}A), between the ELM and the innermost aspect of the ONL (ELM_ONL; [Fig. 2](#i1552-5783-60-12-3740-f02){ref-type="fig"}B) and between BM and the ILM (BM_ILM or total retinal thickness; [Fig. 2](#i1552-5783-60-12-3740-f02){ref-type="fig"}C). For the most part, the OCT images did not reveal a significant difference in thickness between TKO and B6 control mice up until 6 months of age. However, by 9 months of age there was a statistically significant decrease in retinal thickness (*P* values for BM_ELM, ELM_ONL and BM_ILM were 0.026, 0.0085, and 0.0077, respectively) in TKO mice compared with B6 control mice. This retinal thinning in TKO mice was worse by 15 months of age (corresponding *P* values were 0.000005, 0.0004, and 0.0024).

![TKO mice demonstrate retinal thinning with aging. OCT images of TKO mice and age- and sex-matched B6 controls were obtained at 3, 6, 9, 12, and 15 months of age. The following parameters were measured: (A) distance from BM_ELM, (B) distance from the ELM_ONL, and (C) distance from BM_ILM. Compared with B6 control mice, TKO mice demonstrate significant thinning of the retina starting at 9 months of age. The decrease in BM_ELM, ELM_ONL, and BM_ILM continues to increase as the mice age. Each symbol represents mean values ± SEM for experimental groups. The following number of mice were analyzed for the 3-, 6-, 9-, 12-, and 15-month time points for each experimental group: B6 control = 15, 16, 3, 7, and 9, respectively; TKO = 12, 8, 5, 7, and 12, respectively. The statistical significance was reported as ns = no significant difference, \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](i1552-5783-60-12-3740-f02){#i1552-5783-60-12-3740-f02}

Accumulation of Fundus Spots and Subretinal Microglia/Macrophages in Aging TKO Mice {#s3b}
-----------------------------------------------------------------------------------

We have previously described that TKO mice (*Sod1*^−/−^, *DJ-1*^−/−^, *Parkin*^−/−^) demonstrate increased susceptibility to acute oxidative stress in a light injury model.[@i1552-5783-60-12-3740-b23] In the current study, we explore the effect of chronic oxidative stress due to aging in the retinas of these mice. Upon clinical examination, the most obvious difference between TKO mice and age- and sex-matched B6 control mice is the accumulation of white/yellowish fundus spots in the TKO mice ([Fig. 3](#i1552-5783-60-12-3740-f03){ref-type="fig"}). The difference becomes significant at approximately 5 to 6 months of age ([Fig. 3](#i1552-5783-60-12-3740-f03){ref-type="fig"}B versus [3](#i1552-5783-60-12-3740-f03){ref-type="fig"}G, [3](#i1552-5783-60-12-3740-f03){ref-type="fig"}K; *P* = 0.02 at 6 months). Although there is some increase in the number of these fundus spots with age in both TKO and B6 control mice, the difference between the two groups increases with time ([Fig. 3](#i1552-5783-60-12-3740-f03){ref-type="fig"}K; *P* = 0.002 at 9 months and *P* = 2 × 10^−9^ at 12 months). In fact, by 9 months of age these spots are covering the entire fundus of TKO mice ([Fig. 3](#i1552-5783-60-12-3740-f03){ref-type="fig"}C versus [3](#i1552-5783-60-12-3740-f03){ref-type="fig"}H).

![Increased fundus spots with aging in mice simultaneously deficient in Sod1/Park7/Prkn (TKO). While B6 control mice only have a few white/yellow fundus spots visible on fundus photos (A--E), TKO mice demonstrate a progressive accumulation of these spots with aging (F--J). The difference between TKO mice and B6 controls becomes statistically significant at 6 months of age and continues to increase (K). By 9 months of age the entire fundus is involved in the TKO mice (H). The scale used to grade the fundus spots is described in the Methods section. The following number of mice were scored for each time point: at 3 months, seven B6 controls and five TKO; at 6 months, 11 B6 controls and nine TKO; at 9 months, six B6 controls and six TKO; and at 12 months, eight B6 controls and eight TKO. Error bars represent the standard error of the mean for experimental groups. The statistical significance was reported as \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](i1552-5783-60-12-3740-f03){#i1552-5783-60-12-3740-f03}

Aging Leads to Increased Numbers of Iba-1+, and Malondialdehyde-Staining (MDA+) Subretinal Microglia in *Sod1/Park7/Prkn* TKO Mice {#s3c}
----------------------------------------------------------------------------------------------------------------------------------

We and others have previously shown that the observed fundus spots correspond to subretinal microglia/macrophages.[@i1552-5783-60-12-3740-b01],[@i1552-5783-60-12-3740-b24],[@i1552-5783-60-12-3740-b29][@i1552-5783-60-12-3740-b30][@i1552-5783-60-12-3740-b31]--[@i1552-5783-60-12-3740-b32] In fact, we have previously found an almost 1:1 association between the number of Iba-1+ subretinal microglia in flat mounts and the number of fundus spots.[@i1552-5783-60-12-3740-b30] OCT imaging through these spots demonstrates that they correspond to hyperreflective spots that are external to the ellipsoid zone ([Fig. 4](#i1552-5783-60-12-3740-f04){ref-type="fig"}), consistent with subretinal microglia. We wanted to confirm that the increasing number of fundus spots in TKO mice correlated with an increasing number of subretinal microglia. Moreover, we decided to test the hypothesis that the subretinal microglia in TKO mice may be associated with, and provide evidence for, an increased level of oxidative stress in the outer retina of these mice. To this end, we prepared RPE--choroid--scleral flat mounts from TKO and age-matched B6 control mice, and double stained for Iba-1 and MDA (see methods for details on the staining and analysis). In B6 control mice, we found very few ramified microglia overlying the RPE cells ([Figs. 5](#i1552-5783-60-12-3740-f05){ref-type="fig"}A--C). In the meantime, large numbers of Iba-1+, MDA+ microglia agglomerated in age-matched TKO mice ([Figs. 5](#i1552-5783-60-12-3740-f05){ref-type="fig"}D--F). Quantification of both Iba-1+ ([Fig. 5](#i1552-5783-60-12-3740-f05){ref-type="fig"}G) and Iba-1+/MDA+ ([Fig. 5](#i1552-5783-60-12-3740-f05){ref-type="fig"}H) cells on flat mounts demonstrated a statistically significant increase in aging TKO mice when compared with age-matched B6 control mice (*P* = 0.0062 for Iba-1+ and *P* = 0.014 for Iba-1+/MDA+).

![Fundus spots in photos and OCT images from 8- or 14-month B6 control and TKO mice. B6 control fundus photos showed very few yellow spots in the posterior fundus and normal retina layer reflectivity on OCT (A--C). TKO fundus photos demonstrate many fundus spots in all four quadrants (D, E, G, H) and focal areas of hyperreflectivity external to the ellipsoid zone (EZ) on OCT (F, I). White arrows show fundus spots on the fundus photos and the corresponding hyperreflective spots on OCT of the same TKO retinas. Red arrowheads label EZ on OCT images.](i1552-5783-60-12-3740-f04){#i1552-5783-60-12-3740-f04}

![Increased subretinal microglia and retinal MDA accumulation in TKO mice. RPE--choroid--scleral flat mounts ("RPE flat mounts") of B6 controls (A--C) and TKO mice (D--F) were stained with Iba-1 and MDA and imaged by confocal microscopy. Eyes were collected from 13- to 16-month-old mice. Subretinal microglia showing staining for Iba-1+ (A, D) or MDA+ (B, E) are shown, as well as a merge of the two channels (C, F). A quantitative analysis of the data, showing the number of Iba-1+ microglia (G) and Iba-1+/MDA+ microglia (H) in both B6 control (n = 8) and TKO mice (n = 11) is shown. Error bars represent the standard error of the mean for experimental groups. The statistical significance was reported as \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](i1552-5783-60-12-3740-f05){#i1552-5783-60-12-3740-f05}

MDA-Protein Adducts is Increased in the Retinas of Aging TKO Mice {#s3d}
-----------------------------------------------------------------

Oxidative stress leads to lipid peroxidation, resulting in the accumulation of reactive compounds, such as MDA, which are then able to induce protein modification and damage. We assessed for MDA-protein adducts in the retinas of aging TKO and B6 control mice using immunohistochemistry and ELISA. Retina samples were collected from 13- to 16-month-old TKO and age- and sex-matched B6 control mice. We found an increased accumulation of MDA in the aging TKO mice by immunohistochemistry in retinal sections ([Figs. 6](#i1552-5783-60-12-3740-f06){ref-type="fig"}A, [6](#i1552-5783-60-12-3740-f06){ref-type="fig"}B versus [6](#i1552-5783-60-12-3740-f06){ref-type="fig"}C, [6](#i1552-5783-60-12-3740-f06){ref-type="fig"}D). In the retina samples that were collected for ELISA, total protein was isolated and the concentration of MDA-protein adducts was determined using a commercial ELISA kit as described before[@i1552-5783-60-12-3740-b01] (Oxiselect MDA adduct competitive ELISA Kit; Cell Biolabs, Inc.). We found a statistically significant increase in MDA-protein adducts in TKO retinas compared with B6 controls ([Fig. 6](#i1552-5783-60-12-3740-f06){ref-type="fig"}E, *P* = 0.00058).

![Increased retinal MDA-protein adducts in TKO mice. Eyes (4 per group) were collected for immunohistochemistry of retinal sections from 13- to 16-month-old B6 (A, B) and TKO (C, D) mice and probed with anti-MDA antibody. There is more MDA accumulation (green fluorescence) in eyes from TKO mice than eyes from B6 controls. Nuclei were stained with DAPI (blue). Retina samples were collected (E) from 13- to 16-month-old TKO (n = 11) and age- and sex-matched B6 controls (n = 9) mice and analyzed for MDA adduct content of retinal protein using an Oxiselect MDA adduct competitive ELISA Kit. TKO mice demonstrated a statistically significant increase in levels of retinal MDA-protein adducts compared with B6 controls. Error bars represent the standard error of the mean for experimental groups. The statistical significance was reported as \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](i1552-5783-60-12-3740-f06){#i1552-5783-60-12-3740-f06}

Ultrastructural Changes in RPE of TKO Mice {#s3e}
------------------------------------------

Based on our observations of anatomic changes predominantly affecting the outer retina of TKO mice seen on OCT, we decided to also characterize the RPE changes in these mice. Eyes were collected from 15-month-old TKO and B6 control mice for TEM. The accumulation of BLD under the RPE was measured and found to be increased in aged TKO mice compared with age-and sex-matched B6 controls ([Figs. 7](#i1552-5783-60-12-3740-f07){ref-type="fig"}A--C, *P* = 0.0025). We also analyzed the number of RPE mitochondria in all electron micrographs (×5000 magnification) from three B6 control eyes (*n* = 120 electron microscopy \[EM\] fields) and four TKO eyes (*n* = 127 EM fields). Others have measured the number of mitochondria in thin sections before.[@i1552-5783-60-12-3740-b33][@i1552-5783-60-12-3740-b34][@i1552-5783-60-12-3740-b35]--[@i1552-5783-60-12-3740-b36] This analysis demonstrated that the number of mitochondria was increased in TKO mice compared with B6 controls ([Figs. 8](#i1552-5783-60-12-3740-f08){ref-type="fig"}A--E; total mitochondria, *P* = 0.003, apical mitochondria, *P* = 0.0043; basal mitochondria, *P* = 0.0078). Finally, using ImageJ we measured the area of individual mitochondria from electron micrographs from B6 control (*n* = 6) and TKO (*n* = 6) samples. We found that the average area of the mitochondria was increased in TKO eyes compared with B6 controls ([Fig. 8](#i1552-5783-60-12-3740-f08){ref-type="fig"}F, *P* = 0.035). The mitochondria also appeared to be rounder in TKO samples compared with B6 controls ([Figs. 8](#i1552-5783-60-12-3740-f08){ref-type="fig"}I, [8](#i1552-5783-60-12-3740-f08){ref-type="fig"}J versus [8](#i1552-5783-60-12-3740-f08){ref-type="fig"}G, [8](#i1552-5783-60-12-3740-f08){ref-type="fig"}H).

![BLD are increased in aging TKO mice. Eyes were collected from 15-month-old B6 control (A, n = 4) and TKO (B, n = 4) mice for TEM. The accumulation of BLD under the RPE (C) was determined using the freehand tracing tool in ImageJ and reported as BLD in standard units. Approximately 40 TEM image fields (×2000 magnification) were measured and averaged per eye for BLD measurements. Error bars represent the standard error of the mean for experimental groups. The statistical significance was reported as \*\*P \< 0.01.](i1552-5783-60-12-3740-f07){#i1552-5783-60-12-3740-f07}

![Mitochondria (Mito) numbers and relative size are increased in aging TKO mice.\
Eyes were collected from 15-month-old mice for TEM. Three B6 control (A) and four TKO (B) samples were included. Micrographs (×2000 magnification) or "EM fields" (n = 120 B6 control and 127 TKO) were analyzed in order to count the total number of mitochondria (C). We also classified mitochondria into apical (D) or basal (E). Finally, using ImageJ we measured the area of all mitochondria from an equal number of electron micrographs (×15,000 magnification) from B6 control (n = 6) and TKO (n = 6) samples. Because TKO RPE cells have more mitochondria per cell compared with B6 control mice, we ended up measuring the area of a total of 50 mitochondria for B6 control and 62 mitochondria for TKO. We found that the average area of the mitochondria was increased in TKO eyes compared with B6 controls (F). The mitochondria also appeared to be rounder in TKO samples compared with B6 controls (I, J versus G, H). Error bars represent the standard error of the mean for experimental groups. The statistical significance was reported as \*P \< 0.05, \*\*P \< 0.01.](i1552-5783-60-12-3740-f08){#i1552-5783-60-12-3740-f08}

The Response of Scotopic Ganzfeld ERG Demonstrates Retinal Degeneration in Aging TKO Mice {#s3f}
-----------------------------------------------------------------------------------------

Our next aim was to determine if the retinal and RPE abnormalities we had documented on exam, OCT images, immunostaining, ELISA, and electron microscopy correlated with changes on retinal function. We obtained scotopic Ganzfeld ERG measurements of a- and b-wave amplitudes in response to low- (0.1 log cd.s.m^−2^) and high- (3.1 log cd.s.m^−2^) flash intensities in eyes of age- and sex-matched TKO and B6 control mice ([Fig. 9](#i1552-5783-60-12-3740-f09){ref-type="fig"}; [Supplementary Fig. S2](#iovs-60-10-17_s01){ref-type="supplementary-material"}). At 6 months of age there was no difference between the two groups in either the a-wave or b-wave amplitudes ([Figs. 9](#i1552-5783-60-12-3740-f09){ref-type="fig"}A, [9](#i1552-5783-60-12-3740-f09){ref-type="fig"}B, respectively). However, by 12 months of age there was a statistically significant decrease in a-wave amplitude in TKO mice compared with B6 control mice, and this was the case for both the low ([Fig. 9](#i1552-5783-60-12-3740-f09){ref-type="fig"}A, *P* = 0.0037) and high-intensity stimuli ([Fig. 9](#i1552-5783-60-12-3740-f09){ref-type="fig"}A, *P* = 0.028). This decrease in a-wave amplitude became more prominent at 15 months of age (*P* = 0.0062 for the low-intensity stimulus and *P* = 0.0097 for the high-intensity stimulus). Because most of the retinal changes we had documented seemed to affect the outer retina, we mostly expected changes in the a-wave of the ERG, which reflects the function of the outer retina (in particular, the photoreceptors). This was consistent with our findings. Although there was a trend toward a decrease in the amplitude of the b-wave both at 12 and 15 months, the difference was statistically significant only for the high-intensity stimulus at the 12-month time point ([Fig. 9](#i1552-5783-60-12-3740-f09){ref-type="fig"}B, *P* = 0.029). The ERG changes indicate a significant loss in outer retinal function in aging TKO mice compared with B6 control mice.

![Aging TKO mice have decreased photoreceptor function compared with B6 controls. Scotopic Ganzfeld ERG a-wave (A) and b-wave (B) amplitudes were measured in response to low- (0.1 log cd.s.m^−2^) and high- (3.1 log cd.s.m^−2^) flash intensities in TKO and B6 control mice as a function of age. TKO mice demonstrated decreased a-wave amplitude both at 12 and 15 months of age. Each symbol represents mean values ± SEM for experimental groups. The following number of mice were analyzed for the 6-, 12-, and 15-month time points for each experimental group: B6 control = 7, 11, and 7, respectively; TKO = 4, 11, and 10, respectively. The statistical significance was reported as \*P \< 0.05, \*\*P \< 0.01.](i1552-5783-60-12-3740-f09){#i1552-5783-60-12-3740-f09}

Discussion {#s4}
==========

Chronic oxidative stress has been proposed to play an important role in many aging disorders, including AMD and neurodegenerative disorders. Modeling these disorders in the laboratory has been challenging, perhaps in part due to the short life span of mice. We hypothesized that mice with an increased level of chronic oxidative stress could provide a new platform on which to study aging disorders of the retina.

KO mice can provide a great deal of insight into mechanisms of disease. However, in nature, when a given gene or cellular process is targeted there is often an activation of compensatory pathways[@i1552-5783-60-12-3740-b22],[@i1552-5783-60-12-3740-b37] due to the presence of redundant or alternative processes. SOD-1, Parkin, and DJ-1 are multifunctional proteins that play important roles in the oxidative stress response in neurodegenerative diseases, such as amyotrophic lateral sclerosis, Parkinson\'s disease, and Alzheimer\'s disease.[@i1552-5783-60-12-3740-b38] These three proteins also have been shown to be active in the retina and have been proposed to play a role in the protection of photoreceptors and RPE from oxidative damage.[@i1552-5783-60-12-3740-b10][@i1552-5783-60-12-3740-b11][@i1552-5783-60-12-3740-b12][@i1552-5783-60-12-3740-b13][@i1552-5783-60-12-3740-b14]--[@i1552-5783-60-12-3740-b15] Loss of function mutations in Parkin and Sod1 were found to share common mechanisms of actions. Previous studies reported that in addition to regulating the expression of Sod1, DJ-1 can also compensate for Sod1 when it is mutated,[@i1552-5783-60-12-3740-b20],[@i1552-5783-60-12-3740-b21] demonstrating the complex interplay between these pathways. Finally, both DJ-1 and Sod1 interact with the Nrf2 pathway.[@i1552-5783-60-12-3740-b09] In our aging experiments, we used mice that are simultaneously deficient in superoxide *Sod1*, *Park7*, and *Prkn* (TKO mice) to try to circumvent the compensatory effects of these proteins. Even in the setting of TKO mice, a lack of enhanced neurodegeneration has been reported[@i1552-5783-60-12-3740-b22],[@i1552-5783-60-12-3740-b39] perhaps due in part to additional compensatory mechanisms in the setting of a low-stress environment in the central nervous system with normal aging.[@i1552-5783-60-12-3740-b37] However, we hypothesized that the retina would be different, because it is highly susceptible to oxidative stress due to the following: (1) high exposure to light, (2) high oxygen levels, (3) high metabolic activity, and (4) high content of unsaturated fatty acids.

The earliest finding in the TKO mice was a change in the reflectivity of outer retinal layers on OCT that was consistently seen by 3 months of age. Following this, TKO mice develop, just with aging, an early accumulation of microglia in the subretinal space, which can be consistently seen by 6 months of age. Furthermore, these microglia stained positive for MDA, suggesting that they may have been activated or called in to help clear oxidative damage. We also demonstrated an increase in MDA-protein adducts in the retina of TKO mice, corroborating an increased level of retinal oxidative damage in these mice. This increased oxidative damage would likely explain our observation of early retinal structural deficits (retinal OCT reflectivity changes by 3 months of age, thinning on OCT by 5--6 months of age) and functional loss (decreased ERG amplitudes). Taken together these observations would suggest that the earliest changes in the TKO mice are happening at the outer retina level. However, further studies will be needed to better elucidate the early mechanisms of disease in this and other models of increased oxidative stress.

Our findings regarding ultrastructural changes in RPE cells suggest that chronic oxidative stress in the TKO mice is affecting not only the neural retina, but also the RPE. First, the increase in BLD is significant, because these deposits have been previously documented in multiple models of AMD and also after chronic oxidative stress.[@i1552-5783-60-12-3740-b01],[@i1552-5783-60-12-3740-b29],[@i1552-5783-60-12-3740-b40][@i1552-5783-60-12-3740-b41][@i1552-5783-60-12-3740-b42][@i1552-5783-60-12-3740-b43][@i1552-5783-60-12-3740-b44][@i1552-5783-60-12-3740-b45][@i1552-5783-60-12-3740-b46]--[@i1552-5783-60-12-3740-b47] The increased number of mitochondria indicate a disruption in metabolic homeostasis in RPE cells. Some studies[@i1552-5783-60-12-3740-b33] reported a decrease in the number of mitochondria in aging human retinas and retinas from AMD patients. However, recent studies suggest that in a setting in which mitochondria are damaged by oxidative stress[@i1552-5783-60-12-3740-b19] or in RPE from AMD donors,[@i1552-5783-60-12-3740-b48] there could be an increased accumulation of these organelles in the RPE. Several groups have shown that mice with increased oxidative stress develop an increased number and/or size of mitochondria in RPE cells, which seems to correlate with dysfunction.[@i1552-5783-60-12-3740-b34],[@i1552-5783-60-12-3740-b49],[@i1552-5783-60-12-3740-b50] In addition, a defect in Parkin may affect the elimination of depolarized/damaged mitochondria in cells exposed to oxidative stress (mitophagy).[@i1552-5783-60-12-3740-b16],[@i1552-5783-60-12-3740-b19] Thus, although Parkin-independent mitophagy pathways exist,[@i1552-5783-60-12-3740-b51] it is possible that our findings in TKO mice are due to a combination of increased oxidative stress and defects in mitophagy.

Previously, we have shown that the TKO mice have increased susceptibility to light-induced oxidative stress.[@i1552-5783-60-12-3740-b23] The retinal structural attrition that we now document in the TKO mice in the current study without any exogenous oxidative stress application confirms that these antioxidant defense enzymes/proteins play important roles in the protection of the retina due to aging. Aging by itself is a risk factor in many of the neurodegenerative diseases, including AMD, and these antioxidant enzymes/proteins protect the retina from cumulative oxidative damage.

Other mouse models of dry AMD show significant similarities and some differences when compared with the TKO mice. Zhao et al.[@i1552-5783-60-12-3740-b52] showed an accumulation of fundus spots in Nrf2 KO mice by 8 months of age compared with B6 controls and decreased ERG signals by 12 months of age. When Nrf2 KO mice were maintained on high-fat diet for 16 weeks they accumulated BLD starting at 11 months of age and showed increased accumulation of Iba-1--positive cells co-expressing the activation marker CD68.[@i1552-5783-60-12-3740-b53] Manipulation of complement factor H has also resulted in a milder form of some of the changes that we describe in TKO mice. The Bowes-Rickman Lab described increased sub-RPE deposits (BLD) in old Cfh+/− and Cfh−/− mice fed high-fat, high-cholesterol diet (HFC).[@i1552-5783-60-12-3740-b41] Their Cfh+/v mice also show functional deficits by approximately 22 to 27 months of age (91--110 weeks) when fed the HFC diet for 8 weeks. Working with complement factor-H transgenic mice, both the Rickman group[@i1552-5783-60-12-3740-b54] and our group[@i1552-5783-60-12-3740-b01] found an increased accumulation of BLD under the RPE, which is recognized as an important disease parameter in aging mouse models of AMD-like pathology.[@i1552-5783-60-12-3740-b01],[@i1552-5783-60-12-3740-b29],[@i1552-5783-60-12-3740-b40][@i1552-5783-60-12-3740-b41][@i1552-5783-60-12-3740-b42][@i1552-5783-60-12-3740-b43][@i1552-5783-60-12-3740-b44][@i1552-5783-60-12-3740-b45][@i1552-5783-60-12-3740-b46]--[@i1552-5783-60-12-3740-b47] Interestingly, our TKO mice show similar and, in some cases, more severe pathology than that reported in these important models without exogenous stressors, such as high-fat diet. We have not seen a reported analysis of outer retina reflectivity changes in these models, but it is interesting that we can document a statistically significant change in TKO mice that is obvious on plain inspection of OCT images by 3 months of age.

Targeting mitochondrial function in RPE cells (via the mitochondrial superoxide dismutase *Sod2* or the mitochondrial transcription factor A "*Tfam*") can also lead to oxidative stress and to pathology similar to what we describe in the TKO mice. Using RPE-specific *Sod2*-knockdown mice (generated by subretinal AAV-Rz432 injection), the Lewin group[@i1552-5783-60-12-3740-b55] found a reduction in a- and b-waves 3 to 6 months postinjection (at 9--12 months of age). These mice also had thinning of the ONL on spectral-domain OCT (12 months postinjection) and BM and mitochondrial abnormalities on EM (7 months postinjection). They corroborated some of these findings using a conditional knockdown of *Sod2* in the RPE layer.[@i1552-5783-60-12-3740-b56] Similarly, RPE-specific *Tfam* KO mice developed diminished oxidative phosphorylation capacity and mitochondrial enlargement.[@i1552-5783-60-12-3740-b49] These mice also showed thinning of the ONL, decreased ERG responses (a- and b-waves) at 36 weeks of age.

One caveat to our study, as with all mouse models of human disease, is how species-specific differences could affect the findings. In our case, one factor that comes to mind is the recruitment of subretinal microglia. Subretinal microglia/macrophages have been described in humans, particularly in specimens from patients with different stages of AMD.[@i1552-5783-60-12-3740-b57][@i1552-5783-60-12-3740-b58]--[@i1552-5783-60-12-3740-b59] However, the recruitment of subretinal microglia appears to be more prominent in the mouse than in humans. Although some studies suggest that these cells promote disease progression (perhaps by secreting proinflammatory or proangiogenic factors),[@i1552-5783-60-12-3740-b60][@i1552-5783-60-12-3740-b61]--[@i1552-5783-60-12-3740-b62] it is possible that in some settings they could be protective (by clearing proinflammatory debris).[@i1552-5783-60-12-3740-b60],[@i1552-5783-60-12-3740-b63][@i1552-5783-60-12-3740-b64]--[@i1552-5783-60-12-3740-b65] Thus, the jury is still out on whether in many mouse models these subretinal microglia may prevent the development of more AMD-specific findings like drusen or choroidal neovascularization. A second caveat is that a direct comparison of our TKO mice with individual, single KO mice has not been made. Based on analysis of the literature it seems that TKO mice may start accumulating subretinal microglia earlier than the single KO mice; a significant difference in the accumulation of white fundus spots is seen by 6 months of age in the TKO mice versus 10 months for the *Sod1* KO mice.[@i1552-5783-60-12-3740-b03] We also suspect that retinal changes in TKO mice are more prominent than in DJ-1*^−^*^/^*^−^*,[@i1552-5783-60-12-3740-b11] and Parkin*^−^*^/^*^−^*,[@i1552-5783-60-12-3740-b17] mice and at least as prominent as those seen in *Sod1^−^*^/^*^−^*.[@i1552-5783-60-12-3740-b14] In particular, retinal thinning appears to occur sometime between 6 and 9 months of age. However, side-to-side comparisons would be helpful. For example, we describe early qualitative and quantitative differences in the outer retinal layers of TKO mice by 3 months of age. It would be helpful to determine using the same techniques how this compares with single KO mice. More importantly, it is possible that more pronounced differences between TKO mice and the single KO mice may surface when the different models are exposed to stressors (e.g., light-induced retinal degeneration, which we have shown is markedly increased in TKO mice).[@i1552-5783-60-12-3740-b23]

Given the demonstrated increased oxidative stress and the early structural changes observed, we propose that the TKO mice can serve as a platform to study retinal diseases that involve chronic oxidative stress, including macular degeneration,[@i1552-5783-60-12-3740-b11] retinal detachment,[@i1552-5783-60-12-3740-b66],[@i1552-5783-60-12-3740-b67] and ischemic retinopathies.[@i1552-5783-60-12-3740-b68] To model each of these diseases, additional disease-specific facilitators or triggers (e.g., genes, experimental retinal detachment, and ischemia) could be superimposed onto the TKO mice. Such studies could provide better insight into disease mechanisms and perhaps lead to new therapeutic approaches.
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